Soil nematode densities and family-level faunal compositions were investigated for five months after chloropicrin fumigation in soybean fields in Japan. Our objective was to examine whether diversity measurements and ecological indices can describe appropriately structural changes in nematode communities after chemical disturbance. The total nematode density in the fumigated plots drastically decreased just after chloropicrin treatment, but gradually recovered. After the chemical treatment, the dominant nematode taxon changed from Rhabditidae to Cephalobidae; the fungivorous nematode guild and guilds with cp value 3-5 (CP35, K-strategists) were hardly detected. In the non-fumigated control plots Rhabditidae still predominated, and the fungivorous guild and CP35 guilds increased. Among the diversity indices and the ecological indices examined, ShannonWiener's H', Maturity Index (MI), Maturity Index without opportunistic bacterivorous guilds (MI(2-5)), Enrichment Index (EI) and Structure Index (SI) described these structural changes in the nematode communities. The Channel Index failed to detect significant effect of fumigation on decomposition pathways because both the fungivorous nematode guild and Rhabditidae were reduced in the fumigated plots. Replacement of Rhabditidae with Cephalobidae in the plots required careful interpretation of MI and EI behaviors. Even under such a replacement, MI(2-5) and SI were still useful in evaluating appropriately the ecological status of nematode communities after chemical disturbances. Jpn. J. Nematol. 34(2), 89-98 (2004).
INTRODUCTION
Soil nematode faunae are expected to reflect soil environmental conditions (Bongers, 1990; Bongers and Bongers, 1998; Neher, 2001; Yeates, 2003) . Based on the faunal composition, the Maturity Index (MI) and its relatives were developed to evaluate disturbance and ecological succession in soil environments (Bongers, 1990; Bongers and Korthals, 1993) . In this context, the Channel Index (CI), Enrichment Index (EI) and Structure Index (SI) have been recently developed to quantify more specific aspects of soil environments: decomposition pathways, fertility and disturbance, respectively (Ferris et al., 2001) . Soil fumigation drastically reduces nematode densities, and changes community structures (Ettema and Bongers, 1993; Yeates et al., 1991; Yeates and Meulen, 1996) . However, the newly developed indices have never been tested to analyze nematode recovery after fumigation.
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Research Center for Tohoku region, Arai, Fukushima, Fukushima 960-2156, Japan. similar types of habitats, when geographical regions are different erent (Yeates, 1994) , thus affecting components of nematode ecological indices. Therefore, examination of the usefulness of the new indices is necessary for each region or country. However, there has never been such a study in Japan.
In this study, we examine whether the newly developed CI, EI and SI, together with conventional ecological indices and diversity indices, are good descriptors of structural changes in the nematode communities, during five months after fumigation, in soybean fields in northern Japan.
MATERIALS AND METHODS
Study site and experimental plot management:
The study site was at National Agricultural Research Center for Tohoku Region in Fukushima-city, northern Japan. In 2002, soybeans were grown there in summer and incorporated into the soil in autumn. In 2003, the experiment was started in a completely randomized design: chloropicrin-fumigated, and control plots with three replications for each. The plot size was 0.3a. Chemical fertilizers (ammonium sulfate, superphosphate, potassium sulfate) and poultry manure were applied to the plots to pro- (Ferris et al., 2001) . Briefly, the guilds are defined as combinations of feeding groups (bacterivorous, fungivorous, carnivorous, omnivorous and herbivorous groups) and life history traits expressed in Bongers's (1990) cp values from 1 (extremely r-strategist) to 5 (K-strategist). First, proportion of each guild was calculated to see the outline of community structures in the fumigated and the control plots. Second, for bacterivorous guilds with cp values 1 or 2, their densities were also estimated by multiplying total nematode densities and proportions of the guilds together. This is because bacterivorous guilds with lower cp values were most abundant in the nematode faunae for both types of plots, thus, their detailed examinations were required. Finally, based on the frequency of every type of guild, ecological indices for freeliving nematodes were calculated: MI (Bongers, 1990) , MI excluding taxa with cp value of 1 (1VII(2-5), Bongers and Korthals, 1993) , CI, EI and SI (Ferris et al., 2001) . Although Tylenchidae (only Filenchus in our samples) and dauer juveniles of Rhabditidae were excluded from the original definitions of these ecological indices (Bongers and Bongers, 1998; Ferris, personal communication) , these groups were included in our index calculations. This is because 1) we had determined that Filenchus can feed on fungi (Okada et al., 2002; Okada and Kadota, 2003a, b) , thus it should be treated as a free-living group, and 2) Rhabditidae were most abundant in the control plots throughout the experimental period, and their dauer juveniles predominated over the other stages of the family, thus the juveniles should not be ignored.
Repeated ANOVA was conducted to determine how fumigation treatment and sampling days affected the total nematode densities, the diversity indices and the ecological indices. For the indices, data of day 20 were not included in the statistical analyses because of the small number of nematode specimens available, making index calculations unreliable for the fumigated plots. Data were arcsine, power or log-transformed for normalization, if necessary, before the statistical tests.
RESULTS

Nematode density:
Significant interaction effects between fumigation treatment and sampling days were detected on the total nematode densities (ANOVA, p<0.0001, Table 2 ). The densities were almost the same in the fumigated and the control plots before chloropicrin treatment, 120-130 individuals/ g dried soil, but the density was drastically reduced to undetectable level in the fumigated plots after the treatment (Fig. 1) . The nematodes in the fumigated plots recovered as time passed, but the density (7.4 / g soil) was still lower than that in the control (41 / g soil) on day 172. Nematode family and guild: A total of 2532 nematodes were identified, and 19 families were found in our survey. These nematodes were allocated to one of the eight guilds (Table 3) . Bacterivorous families were always most abundant, at least 84% of all the nematode samples, while herbivorous families were hardly detected during the survey in both Table 2 . ANOVA results' for the total nematode density, the diversity indices and the ecological indices.
1) "*" and "**" in p values mean significance at 0.05 and 0.01, respectively. 2) Data were log(x+1)-transformed for nematode density and CI, power-transformed for MI(2-5), arcsine-transformed for EI and SI, before statistical tests to improve inequality of variances. No transformation was made for the other indices. 3) Data of day 20 for indices were omitted from statistical tests due to too few nematode specimens obtained in the fumigated plots. 4) Interactions between fumigation treatment and sampling days. Table 3 . Nematode guilds and families found in the experimental plots.
1) According to Ferris et al.(2001) . 2) Allocation of each family to a feeding group followed Yeates et al.(1993) . 3) According to Bongers (1990) . 4) According to Bongers (personal communication) . 5) Allocated to Ba3, although information is not sufficient on the feeding habit of this family. 6) Only genus Filenchus occurred in the plots, and allocated to Fu2, according to Okada et al.(2002) , and Okada and Kadota (2003a, b) . the fumigated and the control plots (Fig. 2) . Rhabditidae predominated (85-86%) in the nematode faunae in the both types of plots before the fumigation treatment (Fig. 2) . After the treatment, however, Rhabditidae greatly decreased in the fumigated plots, but still predominated in the control plots. Cephalobidae increased to 66% or larger of the nematode faunae after the chemical treatment in the fumigated plots. The density of Cephalobidae in the fumigated plots also increased after the treatment, and was equal to or higher than that in the control plots on day 123 and 172 (Table 4) . Whereas other bacterivorous families remained low in density in the fumigated plots. In the control plots Cephalobidae were 20% or less of the nematode faunae throughout the experimental period (Fig.  2) . Frequencies of the Fu2 guild (Anguinidae, Aphelenchidae, Aphelenchoididae and Tylenchidae) were similar, around 6%, in the fumigated and the control plots before the chem- Fig. 2 . Changes in nematode community structures expressed as mean proportions of nematode guilds across three replicates. Left, fumigated; right, control plots. Data were not available in the fumigated plots on day 20 due to too few nematode samples obtained. Guilds with cp value 3-5 were integrated as "CP35", independent of feeding types. For abbreviations of the other guild names, see Table 3. ical treatment (Fig. 2) . However, the frequency in the fumigated plots became smaller, while that in the control plots did not changed or became greater after the treatment. CP35 guilds (all guilds with cp value 3-5) were hardly detected during the experimental period in the fumigated plots, but they increased gradually, up to 6%, in the control plots (Fig. 2) . Diversity indices and ecological indices:
The main effects of fumigation treatment and sampling days were significant on H'
(ANOVA, p<0.05, Table 2 ): H' remained low, around 1, during the experimental period in the fumigated plots, while it increased gradually in the control plots (Fig. 3) . A similar trend was observed for l/D (Fig. 3) , although none of the main effects or interactions was significant (ANOVA, p>0.05, Table 2 ). Interaction effects between fumigation treatment and sampling days were significant for the MI, MI(2-5), EI and SI (ANOVA, p<0.004, Table 2 ), but not for CI (p>0.05). The MI became greater in the fumigated than in the control plots after the treatment (Fig. 4) . The MI(2-5) remained around 2 in the fumigated, while it increased gradually in the control plots. In the CI, there was no significant difference between the fumigated and the control plots throughout the experimental period (Fig. 5) . The EI decreased after the chemical treatment in the fumigated plots, while it remained large, around 90, in the control plots. The SI remained low, at most 5, in the fumigated, while it increased up to 40 in the control plots. Table 4 . Mean densities (individuals/ g dried soil) of bacterivorous nematode guilds in the experimental plots after the fumigation treatment.
Days after fumigation treatment Days after fumigation treatment 
DISCUSSION
The Bal guild, mainly Rhabditidae, predominated in both the fumigated and the control plots before the chloropicrin treatment (Fig. 2) . Rhabditidae are known to increase rapidly in response to input of nutrient to soil (Wasilewska, 1998; Yeates, 2003) . In our study site, the soil enrichment caused by soybean incorporation in the previous year is probably responsible for the dominance of Rhabditidae. The nematode community structures, however, drastically changed after the fumigation treatment, and they had not recovered by the end of the experiment in the fumigated plots, although the total nematode density approached that in the control plots (Fig. 1) . Rhabditidae and the Fu2 guild decreased, while Cephalobidae increased greatly in proportion to be most abundant in the fumigated plots as early as 59 days after the chemical treatment (Fig. 2) . The density of Cephalobidae even became higher in the fumigated plots than that in the control plots 123 days after the treatment (Table 4) . These results are in contrast to those obtained by Ettema and Bongers (1993) in The Netherlands: Rhabditina were most abundant during 126 days after soil fumigation. Such different results may be attributed, not to geographical or climatic differences between Japan and The Netherlands, but to different soil types in the study sites: loamy soil in our site (Table 1) , and coarse sandy soil in the Dutch site. Cephalobidae tend to be most abundant in soils with less pores, or more clay (Yeates, 2003) , which may have influenced their abundance in our study site. There are other important ecological and physiological differences between Cephalobidae and Rhabditidae: Cephalobidae requires fewer food bacteria to maintain population growth, and also the family is less affected by food bacterial species for population growth, than Rhabditidae (Venette and Ferris, 1998) . Thus, Cephalobidae could rapidly increase their densities and predominate in the fumigated plots in our study, although soil bacterial density may have been reduced and dominant bacterial species may have changed after fumigation. We should also mention that Cephalobidae are relatively tolerant in chemically stressed or polluted soils (Ferris et al., 2001) , so that they may have survived in deeper soil under the fumigation treatment and recovered rapidly.
Diversity indices, H' and 1/D remained low in the fumigated plots while they increased in the control plots (Fig. 3) . These results are in agreement with other reports (Ettema and Bongers, 1993; Griffiths et al., 2000; Yeates and Meulen, 1996) . The low diversity found by Ettema and Bongers (1993) in the fumigated soil was attributed to extreme dominance of Rhabditina. However, in our study, the dominant taxon which lowered diversity indices after fumigation were Cephalobidae (Fig. 2) . This result also affected the MI, and caused its interesting behavior after the fumigation treatment:
The MI became greater in the fumigated than in the control plots (Fig. 4) . This behavior is contrary to our expectations; MI value is supposed to become lower in physically or chemically disturbed environments (Bongers, 1990) . MI(2-5) was originally designed by Bongers and Korthals (1993) to describe long-term changes in soil ecological condition, by excluding opportunistic bacterivorous guild, Bal, which reproduce very rapidly in response to nutrient addition in soil. In our study this index remained around 2 in the fumigated plots, while gradually increased in the control plots (Fig. 4) . The difference can be explained by the consistent dominance of Cephalobidae in the fumigated plots, and by the gradual increase of the CP35 guild in the control plots over time (Fig. 2) . The CI was not significantly different between the fumigat- December, 2004 ed and the control plots (Fig. 5) because the index, defined as the ratio of Fu2 to sum of Fu2 and Bal guilds (Ferris et al., 2001) , will not change when both of Fu2 and Bal decreased simultaneously as seen in our fumigated plots (Fig. 2) . The EI was reduced greatly by fumigation while it decreased only slightly in the control plots (Fig. 5) . This is because EI clearly reflects by definition the frequency of Bal, mainly Rhabditidae in our study (Ferris et al., 2001) , and Bal was replaced by Ba2, Cephalobidae, in the fumigated plots after the chemical treatment (Fig. 2) . The SI remained around 0 in the fumigated plots, while it gradually increased over time in the control plots (Fig. 5) . SI is originally designed to describe behavior of guilds with cp value 3-5, which are sensitive to environmental disturbances (Ferris et al., 2001 ). The consistently low SI values in the fumigated plots are explained by lack of recovery of CP35 guilds (Fig. 2 ).
In conclusion, among the diversity indices and the ecological indices tested in our study, H', MI, MI(2-5), EI and SI described well the effects of chloropicrin fumigation on nematode community structure. However, the diversity index, H,' itself can not explain specifically how the fumigation treatment affected the ecological status of nematode communities. MI seemed useful for monitoring nematode recovery after chemical disturbance. However, MI should be interpreted with caution: if Bal guilds initially predominate, as seen in our study, the nematode community appears to have "matured" after fumigation due to increase in MI. In such situations, EI may be useful as an indicator of nematode community changes. However, we have to examine the utility of EI when Bal does not predominate. MI(2-5) and SI, both of which do not include Bal guilds in calculations, so far seem more suitable to monitor fumigation-induced changes in nematode community structure, independent of initial conditions. ACKNOWLEDGEMENT
